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Abstract: Land-atmosphere interactions, in terms of heat and moisture fluxes, are very important processes
in the evolution of the Indian monsoon. A series of sensitivity experiments was conducted with a general
circulation model of the atmosphere in order to study the influence of vegetation and soil characteristics on
the onset of the Indian summer monsoon. Differences in model results are analysed, both in terms of general
circulation features and precipitation distribution. The results confirm that the detailed specification of
surface boundary conditions is crucial and lead to great differences in the evolution of the monsoon. Soil and
vegetation prescription, however, seems to act in a complex and quite conflicting way and can result
dissimilar to observations in specific regions.
Keywords: General circulation model; Monsoon; Sensitivity study
1.

radiation-cloud interaction. The vertical coordinate
of the model, widely used in global and regional
models, is the sigma coordinate [Philips, 1957],
and the spacing is prescribed such that higher
resolution is obtained near the earth surface and at
the tropopause (assigning a value of 1000 hPa to
surface pressure, 8 levels are below 800 hPa and 7
levels above 100 hPa).
CEM GCM was run at T62 horizontal resolution
(about 200 km) and with 28 unevenly spaced
sigma vertical levels, and a time step of 20
minutes. Physical processes were computed every
time step, except for radiation calculations (every
three hours). Ensemble lagged simulations were
performed starting from 00Z of 2/3/4/5 May 2001
until the end of June. The initial conditions were
provided by NOAA GDAS 1° x 1° global gridded
analysis, interpolated on the 192 x 94 gaussian
grid. The model was forced with weekly observed
sea surface temperature (SST) provided by NCEP.
A number of sensitivity experiments (each set
being the average of the four simulations) was
performed to study the influence of employing
heterogeneous boundary conditions at the surface:
14 vegetation classes and 12 soil types. Vegetation
types on the gaussian grid were obtained from
Matthews [1983], while soil types were derived
from Wilson and Henderson-Sellers [1985]. To
characterize vegetation in the model, the
vegetation fraction is specified using the
International Satellite Land Surface Climatology

INTRODUCTION

The Asian summer monsoon is one of the more
studied processes with general circulation models.
It has been recognized that monsoon evolution is
strictly dependent on land surface boundary
conditions [e.g., Fennessy et al., 1985; Douville et
al., 2001]. A proper GCM representation of the
complex interactions between land and atmosphere
is still to be completely improved. The goal of this
study is to establish the ability of the CEM GCM
(Centro Epson Meteo General Circulation Model)
in simulating the basic features of the Asian
summer monsoon during the onset phase (MayJune). Sensitivity analysis to the specification of
heterogeneous land characteristics (vegetation
fraction and soil types) is performed.
2. MODEL CHARACTERISTICS AND
SIMULATIONS
OF
THE
INDIAN
MONSOON
The CEM GCM is based on the National Centers
for Environmental Prediction (NCEP) Global
Spectral Model (GSM), adapted to run on Compaq
Alpha XP1000 computers. The model physics is
based on the 1997 NCEP Medium Range Forecast
model [Roads et al., 1999] and includes: a threelayer soil model, parameterisation of large-scale
and convective precipitation, gravity wave drag,
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Project (ISLSCP) Initiative I. NCEP/NCAR
Reanalysis data [Kalnay et al., 1996] and the
Climate Prediction Center (CPC) Merged Analysis
of Precipitation (CMAP) data on the 2.5° by 2.5°
grid [Xie and Arkin, 1996] were used to validate
the prediction of the CEM GCM. In the original
version of the model, there was a default value for
vegetation fraction (0.7) and a homogeneous soil
type (Silt-Clay-Loam), whose physical properties
(such as hydraulic conductivity at saturation, field
capacity, etc.) do not vary spatially. Mean
orography on the GCM grid was calculated from
the U.S. Navy 10’ dataset, filtered in spectral
space. Soil parameters used in the CEM GCM
were prescribed as in Clapp and Hornberger
[1978], surface roughness over water was
parameterised following Charnock [1955], with the
Charnock coefficient equal to 0.014.
A preliminary study on the onset of the 2001
summer monsoon is reported below and the
variability of precipitation among the four cases is
examined.

Figure 1. June mean 850 hPa wind for (up) CEM
GCM and (bottom) NCEP/NCAR Reanalysis.
Values above 10 m/s were shaded. In the upper
map, winds were not drawn where the 850 hPa
level fell below surface.
At 200 hPa, the control simulation correctly shows
the position of the core of the Tibetan High, placed
over Pakistan at about 27°N (not shown). The
control precipitation (Fig. 2 top) reproduces the
main features of CMAP (Fig. 2 bottom): the heavy
rainfall along the western coast of India and over
the Bay of Bengal and the rain-shadow effect
leeside of the Western Ghats.

3. REFERENCE
SIMULATION
AND
COMPARISON WITH REANALYSIS DATA
The control integration (indicated as CTL) was
used to test the ability of the GCM in providing a
realistic description of the monsoon circulation.
Homogeneous values of vegetation fraction and
soil types were used in the ensemble simulations.
Figure 1 compares simulated (top) and observed
(bottom) wind at 850 hPa.
A common characteristics of GCM summer
monsoon simulations is to underestimate the
strength of low-level winds [e.g., Ji and Vernekar,
1997], which are crucial in determining the
precipitation pattern over India. In CEM GCM
simulations, the southwest flow over the Arabian
Sea and the Bay of Bengal are quite well
reproduced. However, the core of the Somali jet,
whose maximum magnitude perfectly agrees with
Reanalysis, results too close to the coast of Africa,
and the monsoon flow extends too much
northward over India.

Figure 2. June mean precipitation for (up) CEM
GCM and (bottom) CMAP.
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The characteristics of the simulated precipitation
fields are strictly linked to different wind
circulations at 850 hPa (not shown), which supply
humidity for condensation. Inclusion of vegetation
causes the wind to strongly accelerate over India
(about 10 m/s), while it reduces the core east of
Africa (about 16 m/s). In this way, a wind of about
12 m/s impacts over northwest India.

However, the model predicts too much
precipitation on the southern slope of the
Himalayas and greatly overestimates and displaces
northward the maximum west of India. Moreover,
the model has a tendency to increase precipitation
over the Arabian Sea, due to an excessive lowlevel convergence, as noted also in other previous
works [e.g., Chandrasekhar et al., 1999;
Stephenson et al., 1998].
4.

MODEL SENSITIVITY STUDIES

The results of ensemble lagged simulations
obtained running the GCM with three
configurations
(heterogeneous
vegetation
(indicated by V), heterogeneous soil (S), and
heterogeneous vegetation and soil (VS)) were
compared to CTL and observed fields. Particular
attention was given to the precipitation field, as
this is one of the more difficult variable to be
simulated by a GCM and it reflects indirectly, not
only the ability of the convection parameterisation
scheme used, but also the skill of the model in
reproducing heat and moisture fluxes at the
surface.
4.1 Monthly mean characteristics
Figure 3 shows June mean precipitation for the
three cases. The inclusion of vegetation fraction
(Fig. 3 up) modifies sensibly the precipitation
distribution on the western coast of India and in
the Arabian Sea: the maximum near India is
slightly enhanced and shifted northward and the
rainfall area is less widespread southwestward over
the sea (in better agreement with CMAP). On the
other side, precipitation increases over the
Himalayas. Heterogeneous soil (Fig. 3 middle)
acts to suppress the exaggerated precipitation over
Nepal, but this results in a large rainfall area
extending from India to Africa. Precipitation
amounts in the Bay of Bengal remain quite
unchanged with respect to the other cases and
agree well with CMAP. Finally, the combined
effect of vegetation and soil is shown in Fig. 3
(bottom). The most striking feature is that
precipitation over peninsular India (8°-26°N, 6686°E, only land points) is reduced to about 4
mm/day, while there is a wet area over the Arabian
sea with the maximum far from the western coast
of India. June mean amount of precipitation over
India is about 6.9 mm/day for CTL and case S, to
be compared to 6.6 mm/day of V case. Observed
values recorded by the Indian Meteorological
Department (AIRI, All Indian Rainfall Index,
available from the web site of the Indian Institute
of Tropical Meteorology) give about 6.6 mm/day.

Figure 3. June mean precipitation simulated by
CEM GCM: case V (top), case S (middle) and case
VF (bottom).
Over the Bay of Bengal, the wind is very strong
too, from 10 to 12 m/s. On the opposite, in case
VS, the Somali jet is strongly reduced along the
way, reaching the Ghats with about 7 m/s. This
causes an intense convergence over the sea that
induces strong off-shore precipitation.
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with AIRI, mainly at high rainfall rates. On the
contrary, the highest deviations are found in the
VS case, with a strong underestimation during the
second half of June. Bearing in mind the
enhancement along the southern slopes of the
Himalayan Range described in section 4.1, the
estimates could differ very much if the northern
part of India had been included in the area
averages.
To analyse the variability among the ensemble
members, the time series of pentad mean
precipitation for V, S, VS cases were compared to
CTL and its +/- one standard deviation series.
Three areas were selected according to the spatial
distribution of precipitation: west of the Ghats, the
Bay of Bengal and the Himalayas. The Himalayan
area (80°-90°E, 24°-30°N) best showed differences
among the four cases, as represented in Fig. 5; in
particular, cases VS and S mostly fell outside the
envelope given by the CTL standard deviations
(below minus one standard deviation).

Case V best reproduces the Tibetan High at 200
hPa and it is very similar to CTL, even if the area
of maximum values is larger (about 15 degrees in
longitude). Heterogeneous soil causes a large core
to form at about 25°N, extending from 40°E to
80°E in case S, almost continuously from 40°E to
110°E in case VS. The absolute values of the
Tibetan High are, however, very close to
Reanalysis in all cases.
4.2 Description of the onset
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Figure 5. Variation of the mean precipitation rate
(mm/day) for V (crossed line), S (open circle), VS
(closed circle), CTL (dashed), together with +/- 1
standard deviation about the mean of the CTL
ensemble (thick), averaged over the area 24°30°N, 80°-90°E.
In the other two areas (not shown), the envelope
almost completely encompassed the time series, so
the variability of the initial states prevailed on the
prescription of heterogeneous vegetation/soil
characteristics. These results could be due to the
small number of ensemble runs, as the standard
deviation of the CTL case is quite large.
The development of the Somali jet is presented in
Fig. 6, together with Reanalysis data. All tests
show an overestimation of the magnitude due to
the southwestward shift of the core (as discussed
above). The variation that is more similar to
Reanalysis is case V, with the maximum in the
week ending on June, 13. All the other cases show
a maximum two weeks before. This behaviour is
strictly dependent on the external forcing of the
prescribed weekly SST, which modulates the landsea thermal contrast. In fact, during the week May,
30 to June, 6 SST over the Arabian sea undergoes
an abrupt decrease (about 0.85°C on the area 2°-
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The onset of the summer monsoon is characterized
by the abrupt development of the Somali jet over
the Arabian Sea and the rapid increase in
precipitation over India. These features are strictly
linked to the deepening of the monsoon trough
over the Bay of Bengal and the development of the
Tibetan anticyclone in the upper troposphere,
induced by the strong surface heating of the
Plateau.
Weekly area averaged precipitation over the Indian
region (8°-26°N, 66°-86°E, only land points) was
compared for the four cases and checked against
observed values of the AIRI. The intensity of the
Somali Jet was investigated calculating the
averaged wind speed at 850 hPa over the area 2°16°N, 52°-64°E, which encloses the maximum
values. Finally, the heating of the Tibetan Plateau
was studied by means of time-longitude cross
sections at 32°N of the difference of temperatures
between 500 hPa and 200 hPa.
In all the cases there is an increase in the mean
daily precipitation until the week ending with
June, 6 (Fig. 4).

Figure 4. Variation of the mean weekly
precipitation rate (mm/day) for V (black
rectangle), S (grid rectangle), VS (grey rectangle),
CTL (white rectangle), and AIRI (shaded area)
cases calculated over the area 8°-26°N, 66°-86°E.
From that time on, CTL and VS remain almost
constant without clear trends, while the other cases
(and the AIRI) continue to increase until the week
ending on June, 20. Case V results the most
suitable to represent the monsoon rainfall
development, being almost perfectly in agreement
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circulation features over the Indian Sub-Continent.
The sensitivity studies have revealed that the
introduction of monthly varying vegetation
fraction leads to a better prediction of precipitation
in the Bay of Bengal but to an excessive estimate
south of the Himalayan Range. At the same time,
there is a northern shift and an enhancement of
rainfall along the western coast of India, while the
convergence area in the Arabian Sea is strongly
reduced. A better description of low level and
upper tropospheric circulation is observed too.
Inclusion of soils reduces precipitation along the
Himalayas, but causes the rainfall over the Arabian
Sea to abnormally increase. This tendency is also
present in the VS case (though this description
should be the closer to real world) with a strong
depletion along all the western coast of India, and
a detriment of precipitation over peninsular India.
These sensitivity tests have demonstrated the
overall importance of vegetation and soil
characterisation in reproducing the evolution of the
monsoon. However, a greater number of members
have to be included in the ensemble runs in order
to give much more statistical robustness to the
results. Moreover, it is suggested that further
experiments have to be conducted to improve soil
characterization, through a more sophisticated
parameterization of land-atmosphere interactions.
Their impact will be investigated by means of
higher resolution models with improved physics.
An improvement is expected to come with a better
link between ocean and atmosphere. A complete
assessment of CEM GCM performance will be
made extending the simulations to the whole
summer season.

16°N, 52°-64°E) for the eastward extension of the
cold tongue off the coast of Somalia.
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Figure 6. Variation of the mean weekly wind
speed (m/s) for V (black rectangle), S (grid
rectangle), VS (grey rectangle), CTL (white
rectangle) and NCEP/NCAR Reanalysis (shaded
area) cases calculated over the area 2°-16°N, 52°64°E.
Over the Himalayas and the Tibetan Plateau, the
onset phase of the monsoon, being related to a
progressive surface heating, is well described by
the variation of 200-500 hPa layer temperature. VS
case (Fig. 7) produces a more marked zonal
thermal contrast and a higher heating of the
atmosphere with the developing of the monsoon
season.

6.

This study was developed in the framework of the
Ev-K2-CNR Research Project. The authors thank
Raffaele Salerno and Mario Giuliacci (Epson
Meteo Center) for their fruitful suggestions.

Figure 7. Time-longitude section at 32°N of the
200-500 hPa layer temperature for VS case.

7.

The eastern part of the Tibetan Plateau (east of
85°E) undergoes a clear and rapid heating at the
end of May, and the 200-500 hPa layer reaches a
local maximum warming in the second week of
June (a difference of about 47°C). This variation is
less pronounced if the V case, and not well defined
in the other cases.
5.
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